This study investigated the behavior of pressure drops and heat transfer coefficients for four sets of triangular microchannels. Results of this study indicated that for Reynolds numbers less than 100, the Nusselt number tends to be nearly linearly increasing as the Reynolds number increases. The product of the friction factor and the Reynolds number (fRe) is slightly lower than those predicated by the conventional theory. Besides, high temperature gradient exists in the regions between the inlet and the exit of the flow channel. Furthermore, the difference between the values for Nu of those obtained from the empirical correlation for triangular microchannel and those from the experimental measurements was found to be within 15%.
Introduction
Owing to the rapid developments in micro-electronics and biotechnologies, the applied researches in micro-coolers, micro-biochips, micro-reactors, and micro-fuel cells have been moving at a tremendous pace (1) . Nevertheless, the designs of mechanisms associated with the micro-fluidic systems involve the impact of geometrical configurations on the temperature, pressure, and velocity distributions of the fluid inside the microchannels. As a result, this aspect of the consideration is extremely important since it affects the quality of the transport phenomena for the micro-fluidic systems under investigation.
Up to the present time, many researchers have conducted researches on the fluidic and thermal behaviors of the fluid inside the microchannel. In 1981, Tuckerman and Pease (2) found that the rectangular microchannels with high aspect ratio reached the heat flux dissipated up to 790 W/cm 2 , suitable for their application to the heat dissipation of circuits with very large system integration (VLSI). Wu and Little (3) used the experimental means to measure the fRe factor for the gases flowing in microchannels with hydraulic diameters between 50 and 80 µm, under laminar and turbulent flow conditions. Results of their study indicated that the friction factor is higher than that obtained from the conventional prediction. However, the trend obtained from Wu and Little was inconsistent with that obtained from the results obtained by Choi et al. (4) using gas as working fluid in their heat transfer study in microchannel. Study from Hsieh et al. (5) indicated that for Knudsen number in the range from 0.001 to 0.02 and for gas in long microchannel, the experimental results obtained were lower than those obtained from the conventional prediction. Lelea et al. (6) used the experimental method and numerical simulation for the study of the thermo-fluidic behavior of the fluid in stainless steel microchannel. Their results indicated that no obvious differences exist between those obtained from the microchannel and those obtained from the conventional prediction; results from both studies were in good agreement. As a result, they concluded that the convention theoretical means is still applicable for the prediction of thermo-fluidic behavior for the microchannel with the channel hydraulic diameters above 100 µm. In addition, results obtained from study by Owhaib and Palm (7) yielded similar conclusion.
Qu et al. (8) used experimental and theoretical means for the study of the thermo-fluidic characteristics of the trapezoid microchannels with hydraulic diameters from 62 to 169 µm.
Results of their study indicated that the wall roughness of the microchannels might lead to lower Nusselt numbers as compared with those obtained from the theoretical means. Besides, study by Wu and Cheng (9) indicated that the hydrophilic property at the surface of the microchannel enhances the heat transfer capability of the channels. Experimental results obtained by Hetsroni et al. (10) indicated that the temperature distribution at the exit of the triangular microchannel has a nonlinear distribution and the instabilities caused fluctuations in the pressure drop and decrease in the heat transfer coefficient. Tiselj et al. (11) also used 3-D numerical simulations for the study of the heat transfer characteristics of the fluid flowing through triangular microchannel. Their results indicated that a singular point exists near the exit of the channel. In addition, for the flow with higher Reynolds numbers, the singular point is closer to the exit of the channel. Ryu et al. (12) studied the thermo-fluidic behavior of heat sink for microchannel using conventional simulation means and their results are within 4% of those presented by Tuckerman and Pease (2) . Furthermore, when the depth to width ratio is less than 10, an optimum heat dissipation effect is achievable for the heat sink using microchannel. And if manifold microchannel is used for the heat sink design, Ryu et al. (13) found that a 50% reduction for the thermal resistance compared to the conventional microchannel design is achievable. While the study by Jang et al. (14) revealed that the impinging jet design of the microchannel heat sink enhances the heat dissipation capability by 48.5% compared to the conventional type; the reduction in pressure drop, 90.5%. Chein and Chen (15) used experimental and theoretical means for the study of the heat dissipation with coupling of thermoelectric cooler and microchannel as an aid; their results indicated that the thermal resistance determined by experiment is in agreement with that predicted by the theoretical model based on a lumped system. Besides, an increase in the current derived from the thermoelectric cooler decreases the thermal resistance. Lee et al. (16) studied the thermo-fluidic behavior of rectangular microchannels made by copper with depth-to-width ratio of 5. The results indicated that in the laminar flow regime, the average difference between the 3-D and the simplified models is within 5% range, compared to that obtained from the experimental data; however, for the turbulent flow regime, the difference is much larger. Morini (17) did a systematic paper review on single-phase convective heat transfer of microchannels, with an in-depth study on the friction factor, region of transition, and variation in Nusselt numbers. Difference was found between the results obtained from the experiments and those obtained from conventional theories. He summarized the contributing factors resulted in the variations in the physics behaviors as the rarefaction effect, compressibility of the fluid, viscous dissipation, elector-osmotic effect, change in properties, surface roughness, and uncertainties in the experiments. Gamrat et al. (18) used 2-D and 3-D numerical simulations for the study of the impact of the heat conduction and the entry region on the thermo-fluidic behavior of rectangular microchannels with a variety of aspect ratio. Results of their study indicated that the Nusselt numbers obtained from the experiments are in poor agreement with those obtained from the numerical calculations. The reasons for this are due to the fact that in the numerical simulations, the thermal-physical properties of the fluids under consideration were assumed to be negligible and that in the experiments, the thermal expansion of micro-structure was Vol. 3, No. 3, 2008 ignored, leading to an uncertainty in the configuration factor for the experiments. Li et al. (19) , however, concluded that the assumption of fully-developed model is adequate for the study of microchannels using numerical simulations. Zhang et al. (20) used aluminum microchannel heat sink in the heat dissipation of electronic packaging using the chips with flip chip ball grid array packages (FCBGA) as the main heat source. The results of their study indicated that good agreements for the thermal resistance and pressure drop were reached between the results obtained from the experiments and those obtained from the conventional theories; the differences were 6% and 15%, respectively. Koo and Kleinstreuer (21) conducted a numerical simulation of the impact of the viscous dissipation effect on the thermo-fluidic behavior of microchannels. The results indicated that when the hydraulic diameters are less than 50 µm, the viscous dissipation effect may affect the calculation of the friction factor. In addition, a numerical study was done by Koo and Kleinstreuer (22) on the thermal-fluidic behavior for nano-fluid flowing through microchannels. In their study, copper oxide (concentrations of 1% to 4% by volume) was mixed with ethylene glycol or water to form the nano-fluids. Results of their study indicated that for high Pr values, heat dissipation effect can be enhanced by the high thermal conductivity achieved by nano-particles in the fluids and by the high depth-to-width ratio of the microchannels. The literature review presented above indicated that among the extensive studies of micro-thermo-fluidics, whether the conventional models for fluid mechanics and heat transfer are applicable to those with micro-scales is still debatable. For this reason, it is essential to carry out fundamental investigations to understand the difference between the experimental data and the conventional theory. Previous studies have many experimental results obtained for microchannels with a trapezoidal, rectangular, and circular cross-section. However, studies of flow characteristics in microchannels with a triangular cross-section are quite limited in this field. The objectives of this paper are (1) to investigate experimentally the thermo-fluidic characteristics of a laminar flow of water through smooth triangular silicon microchannels with different cross-sectional aspect ratios and (2) to explain the results obtained experiments and computer simulations done for this study. 
Experimental Description
This study used experimental method and numerical simulation to investigate the behavior of flow and temperature fields in parallel microchannels. Each part of the study is described separately as follows:
Data reduction
For incompressible, fully-developed laminar flow, the friction factor can be expressed in terms of the two experimentally obtained parameters -pressure drop and flow rate -as
The average fluid velocity can be obtained by
In addition, the friction constant is usually defined as the product of the friction factor and the Reynolds number, and the Reynolds number can be expressed by
For the heat transfer, the convection heat transfer coefficient h can be obtained by
where A w is the total area of channel bottom wall and side walls, excluding the top part covered by Pyrex. This study assumed the area of the Pyrex glass from the top to be at an adiabatic condition and the heat removed by the working fluid is defined as ) (
where ∆T av is the average temperature between water and channels, defined as follows (9, 23) :
where T 1 , T 2 , T 3 , and T 4 are the temperatures experimentally measured by T-type thermocouples (0.1 mm in diameter) from four locations along the flow direction and at the bottom of the test section which was made by silicon (as shown in Fig. 1 ). Finally the Nusselt number can be calculated by the experimentally obtained heat transfer coefficient as follows:
It is noted that the physical properties for the working fluid specified above -density, kinematic viscosity, specific heat, and thermal conductivity -are obtained based on the average temperature, (T in +T out )/2, between the inlet and exit temperatures of the microchannels at the same pressure for which the testing system is being exerted.
Besides theoretical comparison, this study dealt with comparison with the empirical correlation proposed by Wu and Cheng (9) 
Experimental setup
The experimental system used in this study is divided into three parts -the test section, the micro-injection system, and the dynamic data acquisition section. Fig. 1 is the schematic of the experimental system and test section. 
Test Section
The test section is composed of the triangular microchannels, film heater, thermal insulation material and a PMMA (Polymeric methyl methacrylate) plate with inlet and outlet holes. As the ever-improved advancement of the micro-electro-mechanical technologies, the manufacturing of the microchannel structural specimens can be processed by means of diamond cutting, laser treatment, ion-beam processing, LIGA (Lithographie GaVanoformung Abformung, or in English, Lithogrophy electroforming micro molding) technique and etching, etc.; these processed are designed according to the physics properties of microstructure. The manufacturing process for the triangular microchannels used in this study was based on the 4-inch silicon wafer with 550 µm in thickness, through standard etching processes, such as SiO 2 deposition, photoresist coating, developing, baking, etc., followed by using reactive ion etch (RIE) and potassium hydroxide (KOH) wet etching, according to the crystal directional characteristics to finish the manufacturing of the triangular microchannel structure. Fig. 2 shows the picture of the finished triangular microgrooves on silicon wafer, taken by Scanning Electronic Microscope (SEM). Surface roughnesses were obtained by measurements using atomic force microscope (AFM).
After taking the geometrical data of microchannel, glass made by Pyrex 7740 -with a thickness of 550 µm and with holes made by laser processing -and the silicon wafer with microchannels, the test section was anodic-bonded together to seal the channels, ready for the observations of the 3-D microstructure flow patterns and boiling phenomena. In addition, sealing of the microchannel test section prevents the microstructure under test section from the influence of the environments. Fig. 3 shows the schematic diagrams of the flowchart of micro-manufacture processing.
Due to the lack of appropriate sensors for measurements inside the microchannel, both pressures and temperatures were measured at inlet and exit sumps of the test section. These two sumps were machined in the PMMA block and were connected by microchannels. A diaphragm type differential pressure transducer (made by Druck, Model PMP400) was connected to the sumps to measure the pressure drop along the test section. Concerns had been raised that this kind of fitting could have introduced some dead volume, resulting in a false detection signal. However, to minimize the dead volume that might appear in the flow channel, extreme caution had been taken to ensure that no visible dead volume was observed there. In the meantime, no data was taken until after the system has been in steady-state operation for 40 minutes. Thus at the inlet and exit sumps, calibrated T-type thermocouples (0.5 mm in diameter) were imbedded to monitor the temperatures of working fluid at both ends, enabling the finding of the physical parameters of the fluid based on these temperature measurements. Furthermore, along the flow direction, four temperature-measuring spots at the base of the test section were set at equal spacing (3mm apart) for monitoring the wall temperatures of the microchannels.
The film heater was energized by a DC power supply and, to avoid heat losses through conduction, convection, and radiation mechanisms at the base, fiber glass material was used for the insulation design. Fig. 4 shows the element ready for testing.
Injection System
The triangular microchannels made of silicon together with its working fluid of water have a relatively weak hydrophilic effect; it means that the fluid in the channel has minimal capillary effect and has to be driven by external forces. To drive fluid into the microchannels, external pressure or electrical field (to obtain electrokinetically-driven flow) is usually provided. For this study, precision-controlled fluidic injection pump (made by KD Scientific, Model KDS-100) was used to drive the deionized water through the system, with a filter (0.2 µm) to eliminate any particulates and contaminants that might be present in water under testing. Once the working fluid was flowing into the test section, measurements of the pressure drop and temperature were done, followed by the measurement of the fluid collected using a precision electronic balance (made by Sartorius, Model TE214S) with an accuracy of 0.0001 g to obtain the mass flow rate of the system. The accuracy of the flow rate measurement was estimated to be within 2%.
Dynamic Data acquisition Section
This section used an experimental platform with the test section laying horizontally on the platform, above which a digital microscope hooked with video capture card and signal cable to send the digital image to the PC for data-processing, ensuring that the working fluid passed through each microchannel and that no left-over bubbles or impurities existed to block the flow passage, leading to erroneous signals obtained for the tests. In the meantime, a notebook PC and the network were used to transmit data at a speed of one per 500 milliseconds. The data acquisition system (made by Yokogawa, Model MX100) for recording the electronic signals was implemented to obtain data from the differential-pressure sensors and T-type thermocouples; the system was integrated through an instant monitoring software to record and analyze the data received. The flow was considered to be steady when the measured pressure drop and temperature remain unchanged for 5 min. Each case was repeated for at least three times.
According to Eq. (1), the error in determining the friction factor f came from the measurement parameter errors of ∆P, A, D h , m and L. Also according to Eq. (7), the error in determining the Nusselt number Nu came from the errors of A w , m , D h , (T out -T in ), ∆T av , C p and k. Performing the standard error analysis presented by Holman (24) , the maximum uncertainties in determining friction factors, Nusselt number and Reynolds number are presented in Table 1 , which also lists the maximum error of various parameters in this study.
Vol 
Numerical Simulation
For the numerical simulation part, this study used CFDRC (Computational Fluid Dynamics Research Corporation) software package (25) to analyze the behaviors of pressure drop and heat transfer for fluid inside the triangular microchannels by constructing 3-D microchannel configuration (as shown in Fig. 5 ). CFDRC uses the finite volume method (FVM) for its numerical algorithm and solves continuity, momentum, and energy equations to obtain distributions of pressure, velocity, and temperature of fluid; subsequently, the parameters related to the behavior of pressure drop and heat transfer were obtained from these parameters. The governing equations (used in the CFDRC software and expressed in terms of tensors) are as follows: For the continuity equation,
for the momentum equation, (10) and for the energy equation,
where x j is the coordinate component in the j-th direction, u j is the velocity component in the j-th direction.
In the flow field analysis, the following assumptions were made: 1. The fluid is Newtonian. 2. The flow field is steady. 3. The fluid is incompressible. 4. The flow is laminar. 5. The base material for the flow channel is silicon. 6. The effect of gravity is accounted for. 7. Thermal radiation effect is ignored. Geometrical configurations of the four sets of test section are listed in Table 2 . For each set, the length, width, and depth are 30 mm, 12 mm, and 1 mm, respectively. The range of mass flow rate is from 2.833×10 -6 kg/s to 4.053×10 -5 kg/s.
Results and Discussion

Comparison of Friction Factors and the Reynolds Numbers
Fig . 6 shows the comparison among the theoretical predictions, simulated values, and experimental data for Set No. 4 -the fRe values obtained from numerical simulation approach a fixed value of 51.6, while the experimental data, 51.3. That is slightly smaller than the theoretical value of 53.3 calculated for the triangular flow cross-section. Generally speaking, the friction factor decreases nonlinearly with an increase of the Reynolds number. With the overall friction factors range from 1.5 to 21.6, compared with the classical theoretical values, the average discrepancy is 2.5%, and experimental data, 6%. As a result, the three sets of values (that is, theoretical, numerical, and experimental results) are in good agreement. Fig. 7 and Fig. 8 show the comparison of the Reynolds numbers versus the Nusselt numbers for simulated values generated by the CFDRC software, experimental values, and the empirical values obtained from Wu and Cheng (9) for the two sets of test section. Generally speaking, for all sets of specimens under study, an obvious discrepancy exist among the values for the Reynolds numbers against the Nusselt numbers obtained from the experiments, numerical calculations, and empirical predictions. In the low Reynolds number (Re < 100) region, the Nusselt numbers appear to be linearly increasing as the Reynolds number increases. kg/s), respectively. Fig. 9 reveals that for specimen Set No. 1 the overall temperature development starts from the inlet of the channels and then spreads out like a ripple in all radial directions. Viewing from a different angle, observation of the temperature development of specimen Set No. 2 reveals a similar pattern as that obtained from specimen Set No. 1, as shown in Fig. 10 . In addition, the temperature differences for these two cases (measured from the same locations) indicate the unevenness in the distribution of the temperature profiles.
Comparison of the Reynolds Numbers and the Nusselt Numbers
Overall speaking, under the fixed heat source condition, the fluid temperature in an enclosed microchannel increases nonlinearly relative to the distance between the inlet and outlet of the flow channel. Besides, a high temperature gradient is achieved within a short distance in the neighborhood of the inlet and outlet, with the distribution of overall temperature field being influenced by the magnitude of the fluid flow rate. Furthermore, the non-uniformity of temperature on the test section might lead to an uneven structural thermal expansion that may affect the calculation of the temperature-dependent parameters.
Empirical Correlation
Substantial differences are observed among the plots of Nusselt numbers versus Reynolds numbers for the simulated, empirical (obtained from the literature), and experimental results, as shown in Fig. 7 and Fig. 8 . As a result, this study proposed an empirical correlation, based on experimentally obtained data from four sets of triangular microchannel test specimens (with different channel widths), as follows: 
Under low Reynolds numbers (Re < 100) conditions, the average experimental errors are less than 14% for the four channel widths of 100, 250, 300, and 400 µm, based on the predicted values and the experimental results, as shown in Fig. 11 .
Generally speaking, the trends of the predicted results obtained from the correlation are Vol. 3, No. 3, 2008 in agreement, while the widths of the microchannels have an obvious impact on the behavior of the development of the Nusselt numbers and for the microchannel with a width of 400 µm the magnitude of the Nusselt number increases at a slower rate as the Reynolds number becomes larger than 30. 
Conclusions
Experimental, numerical, and empirical results and comparisons for the thermal-fluidic behavior of triangular microchannels have been presented in this paper. The conclusions reached are as follows: 1. For the comparison of the fRe values, the differences between the results obtained from numerical simulation and those from traditional correlation are within 10% of each other, within 6% between the numerical simulation and the experimental data, with the fRe values obtained from the experimental data and those obtained from the numerical simulation approaching a fixed value which is slightly lower than the value of 53.3 predicted by the traditional theory. 2. A high temperature gradients at the inlet and exit were observed from the temperature distributions of microchannels for all sets of the test specimens. In addition, the unevenness in the distribution of temperature on the test specimen might lead to an uneven structural thermal expansion that affects the calculation of the thermal parameters. 3. For low Reynolds numbers (Re < 100), the average error of the values calculated from the correlation of Nu obtained in this study and those obtained from the experimental data is within 15%, judged to be in fair agreement.
